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Many kinds of animal embryos exhibit stereotyped cleavage patterns during early embryogenesis. In the ascidian
Halocynthia roretzi, cleavage patterns are invariant but they are complicated by successive unequal cleavages that occur in
the posterior region. Here we report the essential roles of a novel structure, called the centrosome-attracting body (CAB),
which exists in the posterior pole cortex of cleaving embryos, in generating unequal cleavages. By removing and
transplanting posterior egg cytoplasm and by treatment with sodium dodecyl sulfate, we demonstrated that loss of the CAB
resulted in abolishment of unequal cleavage, while ectopic formation of the CAB caused ectopic unequal cleavages to occur.
Experiments with a microtubule inhibitor demonstrated that the centrosome and nucleus were attracted toward the
posterior cortex, where the CAB is located, by shortening of microtubule bundles formed between the centrosome and the
CAB. Consequently, the mitotic apparatus was positioned asymmetrically, resulting in unequal cleavage. Immunohisto-
chemistry provided evidence that a microtubule motor protein, a kinesin or kinesin-like molecule, may be associated with
the CAB. Formation of the CAB during the early cleavage stage was resistant to treatment with the microtubule inhibitor.
In contrast, the integrity of the CAB was lost upon treatment with a microfilament inhibitor. We propose that the CAB
plays key roles in the orientation and positioning of cleavage planes during unequal cell division. © 1999 Academic Press
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1INTRODUCTION
Embryos of many animals exhibit a stereotyped cleavage
pattern during embryogenesis. These invariant cleavage
patterns play an important role in embryonic cell fate
determination in two ways. First, they ensure the proper
partitioning of developmental determinants within the egg
cytoplasm into each blastomere (Freeman, 1979). Division
orientation has been shown to affect cell fate by partition-
ing developmentally important molecules into one of the
daughter cells during formation of the central nervous
system in Drosophila and mammals (Doe, 1996; Chenn and
cConell, 1995). In ascidian embryos, various kinds of
aternal determinants, i.e., muscle, endoderm, and epider-
is determinants, and determinants for gastrulation move-
1 Present address: Department of Biological Sciences, Graduate
o
n
School of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo
113, Japan.
72ents and axis specification, are localized in the egg cyto-
lasm (reviewed by Satoh, 1994; Nishida, 1997). These
actors are partitioned into specific blastomeres during the
leavage stage and determine their developmental fate.
herefore, invariant cleavages must contribute to the pre-
ise partitioning of these maternal determinants. Second,
he invariant cleavage pattern also helps to ensure proper
patial arrangements of interacting cells. The notochord of
n ascidian larva is induced at the 32-cell stage through
nductive cell interactions with the neighboring cells (Na-
atani and Nishida, 1994). Brain formation in ascidians also
epends on inductive cell interactions at the gastrula stage
Okamura et al., 1993). Precise positioning of interacting
ells is needed for these inductive events.
The placement of the cleavage planes is an essential
lement in determining the patterns of cleavage (Freeman,
983). The plane of cell division is determined by the
rientation and position of the mitotic apparatus. Cytoki-
esis occurs perpendicular to the axis of the mitotic spindle
0012-1606/99 $30.00
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73CAB and Unequal Cleavages in Ascidian Embryosat the position of the metaphase plate (Rappaport, 1986). A
mitotic spindle forms between the two poles nucleated by
centrosomes or microtubule-organizing centers. Therefore,
the orientation and position of the spindle or centrosomes
around the nucleus direct the cleavage plane.
The cleavage pattern of ascidian embryos is unique and
invariant (Conklin, 1905; Satoh, 1979) and progresses in a
bilaterally symmetric manner. The cleavage pattern in the
animal hemisphere and that in the anterior–vegetal region
are simple and almost radially symmetrical. In contrast, the
posterior–vegetal region cleaves in a rather complicated
manner, due mostly to three rounds of unequal cleavage
that occur at the posterior pole, as described below. The
first three cleavages produce blastomeres that are almost
equal in size. After the 8-cell stage, three successive un-
equal cleavages occur in the cells of the posteriormost
blastomere pair at each stage (B4.1 cell pair at the 8-cell
stage, B5.2 cell pair at the 16-cell stage, and B6.3 cell pair at
the 32-cell stage), always producing smaller cells posteri-
orly. All the other cleavages are equal in terms of blas-
FIG. 1. Sequence of events during the 16-cell stage in the posteri
next cell division. Times after the onset of the previous fourth
illustrations. Anterior is up, and posterior is down. (A–E) Schematic
CABs in yellow. (A) A nuclear envelope appears close to the previo
posterior region, as duplication has not yet occurred. Astral microt
has duplicated and lies on opposite sides of the nucleus. Microtub
posterior end of which is focused on the CAB. In all other blastom
the nuclei. (C) The bundles have shortened, and the centrosome t
positioned mitotic apparatus has formed. One pole of the spindle is
smaller blastomeres and lateral larger blastomeres. (F) Photomicrog
The CAB is easily recognizable as a brilliant spot in the posterior pol
that was immunostained with anti-tubulin antibody at 30 min. Sctomere size. The smallest blastomere pair in the posterior
pole of the 64-cell embryo ceases dividing and gives rise to
c
c
Copyright © 1999 by Academic Press. All rightwo cells in the endodermal strand of the tadpole larva
Nishida, 1987).
In our previous study (Hibino et al., 1998), by extracting
scidian eggs with buffer containing Triton X-100, we found
unique structure, designated the centrosome-attracting
ody (CAB), in the posterior cortex of the posteriormost
lastomere pair (Fig. 1). The CAB was first recognizable as
recursors, which appeared as dozens of small dots in the
osterior cortex of the 2-cell-stage embryo. These dots
radually assembled. At the 8-cell stage, the CAB had
ecome a single elliptic entity situated in the posterior
ortex of the unequally dividing posteriormost blastomere
air. The CAB was present continuously throughout the 8-
o 32-cell stages, and throughout each cell cycle, and was
bservable until the gastrula stage.
We observed that unequal cleavage in the ascidian is
receded by migration of the nucleus, led by one centro-
ome in the posterior direction (Fig. 1). First, microtubule
rrays extending from one of the two centrosomes beside
he centrally located nucleus gather around the posterior
st vegetal blastomere (B5.2) pair that will unequally cleave in the
vage, which was also an unequal one, are indicated above the
esentations, indicating nuclei in blue, microtubules in red, and the
urth cleavage plane (arrows). A single centrosome is present in the
s have radially emerged from the centrosome. (B) The centrosome
from the posterior centrosome gather to form a thick bundle, the
astral microtubules are organized symmetrically on both sides of
er with the nucleus approaches the CAB. (D) An asymmetrically
anchored to the CAB. (E) Cytokinesis starts to give rise to median
of an extracted embryo at 30 min. Arrowheads indicate the CABs.
der differential interference contrast (Nomarski) optics. (G) Embryo
ar, 50 mm.ormo
clea
repr
us fo
ubule
ules
eres,
ogeth
still
raphortex. A thick microtubule bundle is formed between the
entrosome and the CAB (Figs. 1A, 1B, and 1G) and seems
s of reproduction in any form reserved.
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74 Nishikata, Hibino, and Nishidato connect the two structures. Then, in accordance with
shortening of the microtubule bundle, the interphase
nucleus shifts posteriorly and approaches the CAB (Fig. 1C).
Consequently, an asymmetrically located mitotic appara-
tus is formed (Fig. 1D), and unequal division occurs (Fig.
1E). These events were observed in all the unequally cleav-
ing blastomeres, but never in the other, equally cleaving,
blastomeres during the cleavage stages. These observations
suggest an important role of the CAB in producing unequal
cleavages.
Nishida (1994) showed that when the posterior–vegetal
cytoplasm (PVC) of the fertilized egg after the second phase
of ooplasmic segregation was removed, the posterior cleav-
age pattern was replaced by a radially symmetric pattern,
and no unequal cleavage was observed. When the PVC was
transferred to the anterior position, ectopic unequal cleav-
ages occurred in the anterior region. Therefore, egg cyto-
plasmic factors localized in the PVC direct the posterior
pattern of cleavage by generating three rounds of unequal
cleavage at the posterior pole of the embryo.
In this study, we experimentally removed the CAB and
induced it to form ectopically in order to elucidate the
mechanism responsible for positioning of the division
plane, especially the role of the CAB. We also investigated
the involvement of cytoskeletal filaments in the orienta-
tion and asymmetric positioning of the mitotic apparatus
and also in the formation of the CAB.
MATERIALS AND METHODS
Handling of Embryos
Naturally spawned eggs of the ascidian Halocynthia roretzi were
artificially fertilized and chemically devitellinated. The devitelli-
nation medium contained 0.05% actinase E (Kaken Co. Ltd.,
Tokyo, Japan) and 1% sodium thioglycolate in seawater at a pH of
about 10 (Mita-Miyazawa et al., 1985). Devitellinated embryos
ere reared in agar-coated plastic dishes filled with Millipore-
ltered (pore size, 0.45 mm) seawater that contained 50 mg/ml
streptomycin sulfate and 50 mg/ml kanamycin sulfate at 13°C. The
ositions and names of the blastomeres of Halocynthia embryos
ave been described (Conklin, 1905; Satoh, 1979).
Extraction of Embryos
Normal and experimental embryos that had reached the 16-cell
stage were rinsed twice with Ca21-, Mg21-free artificial seawater
containing 1 mM EGTA and transferred to an extraction buffer
composed of 20–50 mM MgCl2, 10 mM KCl, 10 mM EGTA, 2%
Triton X-100, 20% glycerol, and 25 mM imidazole, pH 6.9 (Hibino
et al., 1998; modified from Sawada and Schatten, 1988) for 2–2.5 h.
During extraction, the embryos became transparent. The embryos
were then mounted onto hole slides siliconized with Sigmacoat
(Sigma, St. Louis) to avoid attachment. The CABs of the extracted
embryos were observed using Nomarski optics.
Treatment with Inhibitors of the Cytoskeleton
Nocodazole at 2.5 mg/ml was used to depolymerize microtu-
bules. Mitosis was inhibited at this concentration. Cytochalasin B
Copyright © 1999 by Academic Press. All rightat 2.0 mg/ml was used to depolymerize microfilaments. Cleavage
urrow formation was immediately inhibited at this concentration.
evitellinated embryos at the 16-cell stage were treated with each
rug for 10 min. At 40 min after the onset of the previous fourth
leavage, the embryos were extracted to visualize the CABs and
uclei. For longer treatment, the embryos were treated continu-
usly with these drugs for 1–4 h during the cleavage stage.
Treatment with Detergent
Fertilized eggs with the vitelline membrane were transferred to
conical tubes filled with seawater containing 20 mg/ml sodium
dodecyl sulfate (SDS) at the desired time. Embryos were gently
mixed several times during the SDS treatment, then carefully
washed with a large amount of seawater. Then embryos were
reared until they reached the 16-cell stage and fixed for immuno-
cytochemistry. Since devitellinated eggs underwent cytolysis dur-
ing the SDS treatment, it was difficult to visualize the CAB with
extraction in the SDS-treated embryos. Therefore we used a
method for detecting the CAB with kinesin antibody without
extraction in SDS-treated embryos.
Staining for Filamentous Actin
Tetramethyl rhodamine isothiocyanate (TRITC)-conjugated
phalloidin is an agent that binds specifically to filamentous actin
and emits red fluorescence. Embryos without the vitelline mem-
brane were fixed for 7 min at room temperature in 1.6% formalde-
hyde (Polyscience, Inc., Warrington, PA) in seawater. Specimens
were then washed with Ca21-free artificial seawater buffered with
10 mM Tris–HCl (pH 7.0) and stained with 0.1 mg/ml TRITC-
onjugated phalloidin (Sigma) in buffered Ca21-free seawater for 1–3
at room temperature. After being washed with buffer, they were
ounted in 80% glycerol and observed with a fluorescence micro-
cope.
Immunostaining
For immunostaining with anti-a-tubulin antibody, embryos
were extracted as described above to remove tubulin dimers.
Extracted embryos were fixed in methanol:DMSO (4:1) overnight
at 220°C to stabilize the microtubules. Then embryos were rehy-
drated and immunostained with a mouse monoclonal antibody
against chick brain a-tubulin (IgG, 1:2000 in PBT; Cedarlane,
Hornby, Canada) using standard methods with goat anti-mouse IgG
antibody conjugated to horseradish peroxidase (HRP) (1:200 in PBT;
Cappel, West Chester, PA) as the secondary antibody. The stained
embryos were dehydrated through an ethanol series and cleared
with toluene. For staining with monoclonal antibody against
bovine brain kinesin (IgM, 1:500 in PBT; BioMakor, Rehovot, Israel;
Kuznetsov et al., 1989), extracted and nonextracted embryos were
fixed with methanol at 220°C overnight and rehydrated. The
specimens were stained with the first antibody and HRP-
conjugated secondary antibody as described above. In some cases,
embryos were embedded in polyester wax (BDH Laboratory Sup-
plies, Poole, England) and then sectioned and immunostained with
BODIPY-conjugated anti-mouse IgG and rhodamine-conjugated
anti-mouse IgM secondary antibody, as described previously (Mita-
Miyazawa et al., 1987).
s of reproduction in any form reserved.
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75CAB and Unequal Cleavages in Ascidian EmbryosDeletion and Transplantation of Cytoplasm
Deletion and transplantation of egg cytoplasm were carried out
as described previously (Nishida, 1994). Fertilized eggs after the
second phase of ooplasmic segregation were oriented using the
positions of the polar bodies and the transparent myoplasm. Egg
fragments containing PVC accounting for 8–15% of the total egg
volume were removed from the eggs by severing with a fine glass
needle under a stereomicroscope. The eggs were cultured in sea-
water as PVC-removed embryos. For transplantation of the egg
cytoplasm, egg fragments containing PVC that had been severed
from the eggs were transplanted to the anterior–vegetal region of
other intact eggs using polyethylene glycol- and electric field-
mediated fusion (Nishida, 1994). The fused eggs were cultured as
PVC-transplanted embryos. In the PVC-removed and PVC-
transplanted embryos, the cells divided with a normal cleavage
schedule.
RESULTS
Involvement of Microtubules in Nuclear Migration
The fourth and fifth cleavages correspond to the first and
second unequal cleavages in the three successive unequal
cleavages of the posteriormost blastomeres in ascidian
FIG. 2. (A–D) Prevention by nocodazole of nuclear movement to
blastomere pairs (B5.2) of 16-cell stage embryos are shown as in Fi
min (A) and 40 min (B–D) after onset of the fourth cleavage. Embry
to 40 min. (A) Nuclei (arrow) are located centrally. d indicates the di
have moved toward the CABs in the untreated embryo. (C) In the n
distant from the CABs. (D) In the cytochalasin B-treated embryo, t
TRITC-phalloidin. (E) Lateral view of an 8-cell embryo. The positio
The posteriormost blastomere pairs (B5.2) of 16-cell embryos are s
B5.2 blastomeres after treatment with cytochalasin B for 10 min. (H
B. A–D and F–H are the same magnification. Scale bars, 50 mm.embryos. The microtubule array and the nuclear shift were
visualized most clearly between the fourth and the fifth
m
T
Copyright © 1999 by Academic Press. All rightleavages, corresponding to the 16-cell stage (Fig. 1). There-
ore in this paper, the results of various experiments are
hose observed in the B5.2 cell pair at the 16-cell stage. The
5.2 cells divide into larger B6.4 cells and smaller B6.3 cells
hat are situated at the posterior pole of the embryo (Fig.
E). In the normal course of unequal division of the B5.2
ell, shortening of the microtubule bundle between the
entrosome and the CAB and the coincident posterior
ovement of the nucleus occur 30–40 min after onset of
he previous fourth cleavage (Figs. 1B and 1C). To examine
he role of microtubules in the posterior movement of the
ucleus, embryos were treated with 2.5 mg/ml nocodazole
for 10 min from 30 to 40 min. Although the microtubule
arrays disappeared as a result of this treatment, the CAB
remained intact at the posterior pole. The disappearance of
the microtubule array was verified by immunostaining
using an anti-tubulin antibody. The distance between the
nucleus and the CAB (d in Fig. 2A) was measured at 30 and
40 min. The results are summarized in Table 1 and are
shown in Fig. 2. In control embryos at 30 min, the distance
between the nucleus and the CAB was 20.6 mm (Fig. 2A). At
40 min, the distance had shortened to 11.6 mm (Fig. 2B). On
he other hand, in the nocodazole-treated embryos at 40
the posterior pole where the CAB is located. The posteriormost
Anterior is up, and posterior is down. Embryos were extracted 30
ere treated with nocodazole and cytochalasin B for 10 min from 30
e between the nucleus (arrow) and the CAB (arrowhead). (B) Nuclei
azole-treated embryo, nuclei have not moved and are still located
clei approach the CABs. (E–H) Staining of filamentous actin with
the CAB is indicated by an arrowhead. The CAB is not stained. (F)
. The positions of the CABs are indicated by arrowheads. (G) The
ace view of the B5.2 blastomeres after treatment with cytochalasinward
g. 1.
os w
stanc
ocod
he nu
n of
hownin, this distance remained 22.4 mm (P , 0.001; Fig. 2C).
herefore, depolymerization of the microtubules prevented
s of reproduction in any form reserved.
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76 Nishikata, Hibino, and Nishidamovement of the nucleus toward the CAB. These results
support the idea that the nucleus is attracted toward the
CAB through shortening of microtubule bundles.
Microfilaments Are Not Required for Nuclear
Migration
When cleavage-stage embryos were stained with TRITC-
phalloidin, which binds to filamentous actin, intense fluo-
rescence was observed associated with the plasma mem-
brane of all blastomeres (Figs. 2E and 2F). Presumably, the
filamentous actin is concentrated in a thin layer immedi-
ately under the plasma membrane and is evenly distributed.
No difference in staining was observed among the blas-
tomeres. There was no staining in the cytoplasmic area
where the CAB was located. To address the question of
whether microfilaments are involved in nuclear movement,
embryos were treated with 2.0 mg/ml cytochalasin B for 10
min from 10 to 20, from 20 to 30, and from 30 to 40 min
after onset of the fourth cleavage. Because treatment with
cytochalasin B for longer than 10 min weakened the adhe-
sion between blastomeres, and their normal arrangement
was not maintained, we were unable to orient the embryos
precisely. Therefore, the duration of treatment was limited
to 10 min. TRITC-phalloidin staining became punctate
after 10 min of treatment with cytochalasin B, indicating
fragmentation of actin filaments (Fig. 2G). When the surface
of the membrane was brought into the plane of focus,
patchy staining was observed (Fig. 2H). The size of each
patch varied from 1 to 3 mm. On the other hand, microtu-
bule arrays and the CAB appeared normal after 10 min of
treatment. After all three kinds of treatment, nuclei moved
toward the CAB. After cytochalasin B treatment between
30 and 40 min, the distance between the nucleus and the
CAB was 12.0 mm (Fig. 2D, Table 1), which is similar to the
corresponding distance in the normal embryo (0.2 , P ,
TABLE 1
Effects of Nocodazole and Cytochalasin B on Nuclear Movement
N nu
Without treatment (30 min) 12
Without treatment (40 min) 18
Nocodazole treated (40 min) 19
Cytochalasin B treated (40 min) 21
Note. Distance between the nucleus and the CAB (d in Fig. 2a) i
40 min after onset of the fourth cleavage. Embryos were treated wi
30 to 40 min after the onset of the previous cleavage. Nuclear m
Probabilities were calculated between untreated specimens (40 mi0.5). Thus, microfilaments are not required for nuclear
migration toward the CAB.
Copyright © 1999 by Academic Press. All rightDeletion of the Posterior Cytoplasm Abolishes the
CAB and Results in a Radially Symmetric
Cleavage Pattern
Previously, it was reported that removal of the posterior-
vegetal cytoplasm (PVC) of fertilized Halocynthia eggs just
before the first cleavage (at the second stage of ooplasmic
segregation) results in radialization of the cleavage pattern and
abolishment of unequal cleavage at the posterior pole
(Nishida, 1994). Removal of cytoplasm from other regions did
not affect the normal cleavage pattern. Exploiting this experi-
mental system, we analyzed the role of the CAB in unequal
cleavage. Eight to fifteen percent of the cytoplasm of an entire
egg was removed from the posterior–vegetal region of fertil-
ized eggs, and these eggs were then allowed to develop. The
frequency of unequal cleavage was monitored at the fourth
cleavage, then embryos were extracted and the presence of the
CAB in the embryos was examined at the 16-cell stage.
In 112 (76%) of the 147 PVC-removed embryos, all the
blastomeres divided equally and their cleavage pattern was
radially symmetrical (Figs. 3A–3C). This result was consis-
tent with our previous data. In all, 105 embryos were
successfully extracted and examined for the presence of
CAB. Most of the radialized embryos (103/105; 98%) had no
CAB (Figs. 4A and 4C). In the other two embryos, only a
faint CAB-like structure was recognizable. In these equally
cleaved embryos, the thick microtubule bundles normally
evident by 30 min after onset of the fourth cleavage were
not observed (Figs. 4B and 4D). Moreover, the nuclear shift
from 30 to 40 minutes was also prevented (Figs. 4A and 4C).
Transplantation of the Posterior Cytoplasm
Induces Formation of Ectopic CABs and Results in
Unequal Cleavage
In the previous study, when the PVC was removed and
transplanted to the anterior–vegetal region of PVC-removed
eggs, reversal of the anterior–posterior axis of the cleavage
pattern occurred (Nishida, 1994). Transplantation of cyto-
ance between
s and CAB (mm) SD Significance
20.6 3.1
11.6 2.6
22.4 5.1 P , 0.001
12.0 2.9 0.2 , P , 0.5
e posteriormost vegetal blastomere (B5.2) was measured at 30 and
5 mg/ml nocodazole and 2.0 mg/ml cytochalasin B for 10 min from
ments were inhibited by nocodazole, but not by cytochalasin B.
d treated specimens (40 min) by t test.Dist
cleu
n th
th 2.plasm from other regions did not affect the normal cleavage
pattern. In this study, the PVC was transplanted to the
s of reproduction in any form reserved.
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77CAB and Unequal Cleavages in Ascidian Embryosanterior–vegetal region of another intact egg. Consequently,
the manipulated eggs had the PVC on both the anterior and
the posterior sides. Of 91 PVC-transplanted embryos, 47
(52%) exhibited unequal cleavage on both of the opposite
sides (Fig. 3D), 37 (35%) cleaved irregularly, and 12 (13%)
cleaved normally. In 32 of the 47 embryos that exhibited
unequal cleavage on both sides, two blastomeres cleaved
unequally on each side (Figs. 5A and 5B). In these embryos,
four CABs always existed exclusively in four unequally
divided smaller blastomeres. In the other 15 embryos, two
blastomeres cleaved unequally on one side (presumed pos-
terior side), and only one blastomere cleaved unequally on
the opposite side (presumed anterior side) (Fig. 5C). In all
these cases, only three unequally divided blastomeres con-
tained CABs. Probably, this left–right asymmetry on the
transplanted side was attributable to imprecise transplan-
tation that was slightly inclined to the left or right side of
the midline.
When manipulated embryos were stained with anti-
FIG. 3. Cleavage pattern of embryos after removal or transplan-
tation of the posterior–vegetal cytoplasm (PVC). All photographs
are vegetal views and orientated anterior (a) up, posterior (p) down.
(A) Scanning electron micrograph of a normal 16-cell embryo. (B)
Photomicrograph of a normal 16-cell embryo. (C) A PVC-removed
embryo. All blastomeres are similar in size and the cleavage pattern
is radially symmetrical. (D) A PVC-transplanted embryo. The PVC
was transplanted to the anterior position of another intact egg. The
embryo shows mirror-image duplication of the posterior half of the
normal embryo. Unequal cleavages have occurred on both sides.
Scale bar, 100 mm.tubulin antibody, thick microtubule bundles were observed
between the CAB and a centrosome in the ectopically
Copyright © 1999 by Academic Press. All rightnduced unequally divided blastomeres (Fig. 5B). These
nequally divided smaller blastomeres were expected to
leave unequally again in the next cleavage, as in the
ormal posteriormost B5.2 blastomere. On the presumptive
VC-transplanted side, the CAB occasionally existed in an
bnormal position distant from the embryo midline (Fig.
A, upper side). Even in such cases, the microtubule arrays
ere focused on the abnormally situated CAB.
These deletion and transplantation experiments appeared
o indicate a strict coincidence between CAB formation,
ppearance of the microtubule bundle, nuclear transloca-
ion toward the CAB, and occurrence of unequal cleavage,
trongly supporting the notion that the CAB is essential for
nequal cleavage. As CAB formation becomes visibly ap-
arent after the 2-cell stage (Hibino et al., 1998), some
actors localized in the posterior–vegetal region of the egg
ytoplasm are likely to be involved in unequal cleavages by
irecting the formation of the CAB. Some components of
he CAB may be already localized in fertilized eggs and
ould be transplanted to confer the posterior quality on the
riginally anterior blastomeres.
Kinesin May Be One of the Components of the
CAB
To search for the components of the CAB, we attempted
immunohistochemical detection using antibodies against
the microtubule motor proteins, dynein and kinesin.
Among such antibodies, only a monoclonal antibody
against bovine brain kinesin (Kuznetsov et al., 1989) recog-
nized the CAB. This antibody is known to cross-react with
rat and sea urchin kinesins. Other antibodies we used, as
well as nonimmune mouse serum, did not stain the CAB. In
Western blots using homogenates of Halocynthia eggs and
embryos, the antibody recognized several bands, among
which bands of approximately 60 and 130 kDa were evident
(Fig. 6). Western blotting using another ascidian, Ciona
intestinalis, gave similar results (data not shown). Nonim-
mune serum stained no band. Recently, a number of
kinesin-like molecules have been reported, and their mo-
lecular weights range from 60 to 190 kDa, many of them
being in the 80–140 kDa range (Moore and Endow, 1996).
Therefore, it is possible that one of the above two bands is
an ascidian kinesin-heavy chain or a kinesin-like molecule.
Figures 7A and 7B show staining of the CAB with the
anti-kinesin antibody in nonextracted 16-cell embryos. The
CAB at the posterior pole was deeply stained relative to the
background. A sectioned specimen that was double-stained
with anti-tubulin and anti-kinesin antibodies clearly indi-
cated that many microtubules are connected to the CAB
(Fig. 7C). CABs of 16-cell Ciona embryos were also clearly
stained with the anti-kinesin antibody (Fig. 7D). The stain-
ing of the extracted embryos was almost indistinguishable
from that of nonextracted embryos, suggesting that the
putative kinesin-like molecule is anchored to the CAB.Staining of the CAB was evident throughout the 16-cell
stage, indicating that the localization of the putative
s of reproduction in any form reserved.
78 Nishikata, Hibino, and NishidaFIG. 4. Radialization of the cleavage pattern after removal of the PVC. PVC-removed embryos were extracted at 30 (A and B) and 40 min
(C and D). (A and C) Specimens were observed using Nomarski optics. PVC-removed embryos lack the CAB. Nuclei of PVC-deficient
embryos have not undergone polar movement. At the 16-cell stage, all nuclei tend to be located near the surface of the embryo, even in
normal embryos, but in equally cleaving blastomeres, they are not positioned close to either pole. (B and D) Extracted embryos
immunostained with anti-tubulin antibody. They lack thick microtubule bundles. Scale bar, 50 mm.
FIG. 5. Transplantation of the PVC to the anterior position of another intact egg causes unequal cleavage to occur on both sides. (A)
PVC-transplanted embryos were extracted at 30 min and observed using Nomarski optics. PVC-transplanted embryos exhibit unequal
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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79CAB and Unequal Cleavages in Ascidian Embryoskinesin-like molecule in the CAB does not depend on the
cell cycle. Although precursors of the CAB were first
apparent at the two-cell stage, staining with the kinesin
antibody was first evident at the 8-cell stage. At the 4-cell
stage, precursors of the CAB were demonstrated unambigu-
ously by Nomarski microscopy, but they were not stained.
Therefore, accumulation of the putative kinesin-like mol-
ecule is likely to occur after the 4-cell stage.
Disappearance of CABs from Equally Cleaved
Embryos after SDS Treatment
In sea urchin embryos, a detergent, sodium dodecyl
sulfate, is effective in altering the unequal fourth cleavage,
which normally gives rise to micromeres at the vegetal
pole, when administered at an earlier stage (Tanaka, 1976;
Langelan and Whiteley, 1985). Treatment of H. roretzi
embryos with seawater containing 20 mg/ml SDS during the
first cell cycle reproducibly resulted in equalization of the
fourth cleavage in approximately 40% of embryos on aver-
age (Fig. 8), although the responses varied between egg
batches. Results obtained from two independent experi-
cleavages on both the anterior and the posterior sides, and two CAB
two daughter cells generated by the previous fourth cleavage. The t
smaller one. (B) Specimens immunostained with anti-tubulin antib
(arrows). (C) One quarter of the embryo exhibits equal cleavage (do
FIG. 6. Immunoblot analysis using anti-kinesin antibody. Ho-
mogenates of Halocynthia gonad (lanes 1 and 4), 16-cell-stage
mbryos (lanes 2 and 5), and tailbud-stage embryos (lanes 3 and 6)
ere separated in a SDS–PAGE gel. Total proteins were silver-
tained (lanes 1–3). The bands recognized by the anti-kinesin
onoclonal antibody (arrow; 60 kDa, arrowhead; 130 kDa) appear
n the blotted membrane (lanes 4–6).from the equally cleaving blastomeres. All embryos are oriented with t
down and the presumed anterior pole up. Scale bar, 50 mm.
Copyright © 1999 by Academic Press. All rightments are summarized in Table 2. The effect of SDS
treatment had a narrow concentration window. In most
cases, higher concentrations (.30 mg/ml) cytolyzed em-
bryos, whereas lower concentrations (,10 mg/ml) had no
ffect. The data we obtained using ascidian embryos corre-
pond closely to those reported previously using sea urchin
mbryos (Tanaka, 1976; Langelan and Whiteley, 1985).
In order to assess the correlation between the CAB and
nequal cleavages, we stained SDS-treated embryos with
he anti-kinesin antibody and observed the presence of the
AB. In total, we stained 351 SDS-treated embryos. All
ormally cleaved embryos (51 embryos) contained a stained
AB (Fig. 8A), although in some cases, the staining of the
AB was faint or minimal (4 of the 51 embryos). On the
ther hand, none of the embryos which cleaved equally (166
mbryos) showed any stained structure with the anti-
inesin antibody (Fig. 8B). The other embryos were cleaved
rregularly, and some of them (68 of 134) had a stained CAB.
f these, Fig. 8C shows an embryo which cleaved unequally
n one side and equally on the other. In this case, the CAB
as obviously stained on the unequally cleaved side,
hereas only faint staining was found on the equally
leaved side. These results demonstrate a good correlation
etween unequal cleavage and the presence of the CAB,
upporting the idea that the CAB has an important role in
enerating unequal cleavage in the ascidian embryo.
Formation and Maintenance of the CAB
To investigate the mechanisms of CAB formation, em-
bryos were treated with reagents that depolymerize the
cytoskeleton (Fig. 9). Treatment with nocodazole was ini-
tiated at various stages: the first and second states of
ooplasmic segregation and the 2-cell and 4-cell stages. Then
at the 8-cell stage, the presence of the CAB was examined
by extracting the treated embryos. Accumulation of the
kinesin epitope was also monitored by staining nonex-
tracted embryos treated with nocodazole, and the results
are shown in Figs. 9 and 10. Surprisingly, a CAB-like
structure was observed in most cases (83%; Fig. 10A), even
when the treatment was started as early as the second state
of ooplasmic segregation. No such structure was ever ob-
served when the treatment was started at the first state of
ooplasmic segregation. The CAB-like structure showed
staining with the kinesin antibody (Fig. 10B). Accumulation
of the kinesin epitope became gradually resistant to nocoda-
zole when treatment was started at a later stage. Staining
owheads) can be seen on each side. Double-headed arrows indicate
arrow shows the larger daughter cell and the thin arrow shows the
All CABs are connected to centrosomes with microtubule bundles
-headed arrows of the same size). The CAB (arrowheads) is absents (arr
hick
ody.
ublehe presumed posterior pole (with a relatively normal appearance)
s of reproduction in any form reserved.
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81CAB and Unequal Cleavages in Ascidian Embryoswas observed in 43% of cases when treatment was started
at the second state of ooplasmic segregation, and most
embryos showed staining when treatment was started at
the 4-cell stage. The 4-cell stage is just before accumulation
of the kinesin epitope begins in normal embryos. Therefore,
accumulation of the kinesin epitope is also resistant to
depolymerization of microtubules.
Similarly, treatment with cytochalasin B was carried out
at various stages and for various durations. Finally, it was
FIG. 8. Examples of SDS-treated embryos stained with anti-kines
posterior pole, representing an apparently normal 16-cell embryo
Radially symmetrical embryo showing equal cleavage on both the a
kinesin antibody. (C) Vegetal half of an embryo isolated and observe
has cleaved unequally and the other side (lower left side) has cleav
cleaved side (arrowhead), while the staining on the other side is fa
TABLE 2
SDS Treatment Using Two Different Batches of Eggs
Duration of SDS treatmenta
Cleavage pat
Equal Irregu
Experiment 1
10–35 26.6% 14.8%
20–45 44.6% 36.0%
30–55 15.4% 59.8%
40–65 1.3% 42.1%
Experiment 2
10–35 40.4% 14.9%
20–45 60.3% 8.2%
30–55 73.7% 9.3%
40–65 63.8% 6.4%
a SDS treatments were carried out at 20 mg/ml during the indica
b After SDS pulse treatment, specimens were reared in normal sendicated. Normal cleavage pattern indicates the occurrence of unequa
ytolyzed during and after SDS treatment are also scored.
Copyright © 1999 by Academic Press. All rightoticed that when embryos were treated for approximately
h between the 8- and the 16-cell stages (Fig. 9), the CAB
ecame invisible in most of the extracted embryos at light
icroscopic level. Longer treatment produced a similar
utcome. Moreover, stainability with the kinesin antibody
as lost in all cases. As the CAB is already fully formed at
he 8-cell stage, these results suggest that maintenance of
ntegrity of the CAB structure depends on the organization
f microfilaments.
onoclonal antibody. (A) Embryo that has cleaved unequally at the
ined CABs (arrowheads) can been seen at the posterior pole. (B)
or and the posterior sides. No obvious structure is stained with the
ng Nomarski optics. One side of the posterior half (lower right side)
ther equally. Obvious CAB staining can be seen on the unequally
ndicated by small bar). Scale bar, 50 mm.
of SDS-treated embryosb
Total embryosNormal Lysed
45.6% 13.0% 169
13.7% 5.7% 372
20.7% 4.1% 246
47.2% 9.4% 159
14.9% 29.8% 47
4.1% 27.4% 73
8.5% 8.5% 118
13.8% 16.0% 94
eriod (minutes) after fertilization.
er and fixed at the 16-cell stage. Cleavage patterns of embryos arein m
. Sta
nteri
d usiterns
lar
ted p
awatl cleavages in the posterior blastomere pair. Embryos which were
s of reproduction in any form reserved.
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In the present study, the cellular mechanisms responsible
for the unequal cleavage in ascidian embryos were investi-
gated, focusing on a novel structure, the CAB, and its
function. It was found that: (1) The movement of the
nucleus toward the CAB depends on microtubules and actin
filaments play no role in nuclear movement. (2) The CAB is
formed ectopically by transplantation of the posterior–
vegetal cytoplasm (PVC) of the egg and is abolished by
deletion of the PVC and SDS treatment. There was good
FIG. 9. Treatment of eggs and embryos with cytoskeletal inhibitor
he periods indicated. After the treatment, formation of the CAB w
pitope was also monitored by staining of nonextracted embryos.
hase of ooplasmic segregation. 2nd Seg., end of the second phase.
FIG. 10. (A) Treatment with nocodazole was initiated at the
second state of ooplasmic segregation. At the 8-cell stage, the
presence of the CAB was examined by extracting the embryos.
CAB-like structure is marked by an arrowhead. (B) Nocodazole-
treated embryo stained with the kinesin antibody. In this speci-
men, treatment with nocodazole was initiated at the 2-cell stage.
The CAB-like structures are stained on both sides of the first
cleavage plane (arrowheads). Scale bar, 50 mm.
Copyright © 1999 by Academic Press. All rightorrelation between CAB formation and various events
bserved in unequal cleavage in these experiments. (3)
ormation of the CAB is directed by the PVC in the egg. The
rocess of CAB formation becomes resistant to microtubule
nhibitor after completion of ooplasmic segregation. (4)
icrofilaments are involved in maintaining the structural
ntegrity of the CAB. (5) Anti-bovine kinesin monoclonal
ntibody recognizes a component of the CAB.
Involvement of the CAB and the Microtubule
System in Unequal Cleavage
These results and previous data suggest that three suc-
cessive unequal cleavages in the ascidian embryo are medi-
ated by a common mechanism utilizing the CAB and the
microtubule system. To summarize the inferred process of
unequal cleavage in the ascidian embryos, first, some ma-
ternal factors that are responsible for CAB formation are
segregated into the posterior–vegetal cytoplasm during oo-
plasmic segregation. These factors direct the formation of
the CAB at the posterior pole of the 2- and 4-cell embryos.
From the 8-cell stage through the 32-cell stage, the CAB is
situated at the posterior pole. During each interphase,
microtubules that extend from the centrosome are tied in a
bundle and their ends are connected to the CAB. The
nucleus is then shifted toward the CAB through shortening
of the microtubule bundle. As a result, an asymmetrically
located mitotic apparatus is formed posteriorly. Three un-
equal cytokineses occur, so that a smaller blastomere is
formed at the posterior pole. The resulting smallest blas-
tomere of the 64-cell embryo undergoes no further cleavage
atment with nocodazole and cytochalasin B was carried out during
xamined by extracting the embryos. Accumulation of the kinesin
results are indicated in the right column. 1st Seg., end of the firsts. Tre
as eduring embryogenesis. Thus, the CAB plays essential roles
in orientation and positioning of the cell division plane.
s of reproduction in any form reserved.
83CAB and Unequal Cleavages in Ascidian EmbryosIn this study, we showed that the microtubule bundle
between the centrosome and the CAB is essential for
nuclear migration. The following observations support the
idea that the end of the microtubule bundle is attached to
the CAB. A thick microtubule bundle was observed to focus
on the CAB in whole mounts of extracted specimens
examined by differential interference contrast microscopy.
Double staining of sectioned specimens with the anti-
kinesin and anti-tubulin antibodies showed that the micro-
tubules extending from the centrosome reached the CAB.
The Posterior Cytoplasm Directs Formation of the
CAB
In the previous study, it was shown that when the PVC of
the fertilized egg was removed, the posterior cleavage
pattern became equalized and radialized. When the PVC
was transplanted, it caused generation of the posterior
cleavage pattern including unequal cleavages (Nishida,
1994). The present results showed that both kinds of
operation result in abolishment and ectopic formation of
the CAB, respectively. Therefore, maternal factors in the
PVC are likely to mediate unequal cleavage through forma-
tion of the CAB. The ooplasmic region containing the PVC
is a specialized domain known as the myoplasm (Conklin,
1905; Jeffery and Swalla, 1990). It is known that important
factors promoting muscle formation (Nishida, 1992) and
determining the anterior–posterior egg axis (Nishida, 1994)
exist in the myoplasmic region. A stereotyped cleavage
pattern will play a role in precise partitioning of these
maternal cytoplasmic determinants. In addition, in the
present study, we showed that the generation of a specific
cleavage pattern itself is also controlled by localized mater-
nal cytoplasmic factors in ascidian embryos. It is known
that a cytoskeletal complex consisting of actin filaments,
intermediate filament-like structures, and endoplasmic re-
ticulum exists in the myoplasm (Jeffery and Meier, 1983;
Speksnijder et al., 1993). In the present study, staining with
phalloidin indicated that filamentous actin is not concen-
trated within the CAB. Staining of tubulin showed that
microtubules are also not abundant within the CAB. There-
fore, the CAB is not an aggregate of the cytoskeleton.
The drug treatments showed that microtubule organiza-
tion is unnecessary for formation of the CAB after comple-
tion of ooplasmic segregation. Accumulation of the kinesin
epitope in the CAB was also resistant to microtubule
inhibitor. Microtubules from the sperm aster are known to
be important for the second phase of ooplasmic segregation
(Sawada and Schatten, 1988, 1989). Therefore, treatment
with nocodazole during ooplasmic segregation must inhibit
the posterior movements of the myoplasm. This suggests
that such posterior movement is essential for formation of
the CAB at a later stage. Once ooplasmic segregation has
been completed, formation of the CAB is independent of
microtubules. By contrast, maintenance of CAB integrity
requires microfilaments. Filamentous actin lines the
plasma membrane, as visualized with TRITC–phalloidin.
Copyright © 1999 by Academic Press. All rightThe actin network may therefore provide the scaffold to
maintain the integrity of the CAB.
Recently, various maternal transcripts have been shown
to be localized in the PVC or myoplasm (Yoshida et al.,
1996; Satou and Satoh, 1997; Sasakura et al., 1998a,b).
Interestingly, most of them seem to be colocalized with the
CAB during the cleavage stage. Thus, there is a possibility
that these mRNAs contribute to formation of the CAB.
Another possibility is that the CAB plays roles in the
localization and maintenance of these mRNAs. If so, the
CAB may have another role in segregation of the maternal
information.
Is Kinesin a Real Motor Protein Used in Nuclear
Movement?
It is reported that kinesins and microtubules are involved
in nuclear movement and spindle orientation in the cell
division of budding yeast (reviewed by Stearns, 1997). In
ascidian embryos, anti-bovine kinesin monoclonal anti-
body recognized a component of the CAB. Accumulation of
a kinesin epitope in the CAB seemed to start after the 4-cell
stage. Treatment with nocodazole initiated before the 4-cell
stage did not inhibit this accumulation of the kinesin
epitope in the CAB, and thus the process was independent
of microtubule integrity. This observation excludes the
possibility that the molecules bearing the kinesin epitope
are simply carried on the microtubule bundles to the site of
the CAB and that the kinesin-like molecules on the CAB
are a consequence of the microtubule bundle.
The antibody used in this study cross-reacts with sea
urchin kinesin (Kuznetsov et al., 1989). However, several
bands were detected by Western blotting using ascidian
embryos. Although the antibody provides another CAB
marker, it is difficult to conclude that kinesin or a kinesin-
like molecule is a component of the CAB at present, and
further study is required to identify the molecule bearing
the epitope. However, it is worth noting an interesting
parallel between our observations and chromosome move-
ments during mitosis. It has been reported that a
kinetochore-associated kinesin-like protein, CENP-E, is in-
volved in mitotic-pole-ward chromosome movement (Desai
and Mitchison, 1995; Lombillo et al., 1995a,b). Microtu-
bules extending from the centrosome have kinetochores
attached at their ends. The force for this movement is
generated predominantly at the kinetochores and depends
on disassembly of microtubules at the plus end by the
kinesin-like protein. Therefore, there are parallels between
chromosome movement during mitosis and nuclear move-
ment toward the CAB. In mitosis, kinetochores are driven
toward the centrosome by means of microtubule disassem-
bly and shortening at the ends, mediated by the kinesin-like
molecule, whereas in unequal cleavage, the centrosomes
are driven toward the CAB which is anchored to the cortex.
Microtubule shortening that may occur at the end could be
mediated by the kinesin-like molecule present in the CAB.
s of reproduction in any form reserved.
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84 Nishikata, Hibino, and NishidaUnequal Cleavages and the Entire Cleavage
Pattern
In ascidian embryos, the pattern of cleavage in the animal
hemisphere and anterior–vegetal region is more regular
than in the posterior–vegetal region. However, neither the
animal nor the anterior–vegetal pattern shows complete
radial symmetry, and each is modified to some extent
(Conklin, 1905; Satoh, 1979). When the posterior–vegetal
cytoplasm is deleted, the whole embryo cleaves completely
radially along the animal–vegetal axis (Nishida, 1994). A
similar result was obtained in this study. Deletion of the
PVC radialized the cleavage pattern not only in the vegetal,
but also in the animal, hemisphere. These observations
suggest that the unequal cleavages in the posterior pole are
likely to have an indirect influence on the entire arrange-
ment of blastomeres in embryos.
Comparison with Unequal Cleavage in Other
Organisms
Unequal cleavage in ascidians looks similar to that in the
sea urchin embryo in some respects. Before the fourth
cleavage of sea urchin embryos, nuclei of the vegetal
blastomeres of the 8-cell stage embryo are shifted toward
the vegetal pole prior to micromere formation. In this case,
as in the ascidian embryo, colcemid, but not cytochalasin,
prevents this nuclear shift and unequal cleavage (Lutz and
Inoue´, 1982). SDS treatment under similar conditions in-
hibits both ascidian and sea urchin unequal cleavage
(Tanaka, 1976; Langelan and Whiteley, 1985). The eccentri-
cally located mitotic apparatus appears to be attached to the
specialized vegetal cortex designated a vesicle-free area in
the sea urchin (Tanaka, 1981). This vesicle-free area is
evident from the 4-cell stage (Dan et al., 1983). Although no
obvious CAB-like structure was found in sea urchins, some
components of the CAB may be used commonly for micro-
mere formation in sea urchin embryos.
In the Caenorhabditis elegans embryo, the importance of
the posterior cytoplasm for successive unequal cleavage has
been demonstrated by surgical experiments (Schierenberg,
1987). The ability to generate unequal cleavages is always
segregated into smaller daughter cells at each division, into
which the centrosome and the mitotic apparatus are at-
tracted during the previous division. In this respect, un-
equal cleavage in the C. elegans embryo seems to be based
on a mechanism similar to that in ascidians.
In the eggs and embryos of nematodes (Albertson, 1984),
annelids (Lutz et al., 1988), and clams (Lillie, 1901; Dan and
Ito, 1984), and in neuroblast cells of the grasshopper
(Kawamura, 1977), the centrally formed mitotic apparatus
migrates peripherally during the M phase of unequal cell
division. In the Tubifex embryo, a monoastral form of the
mitotic apparatus is a prerequisite for the unequal first
cleavage (Ishii and Shimizu, 1995; Shimizu, 1995). These
mechanisms appear different from that of unequal cleavage
in ascidian embryos. However, a common feature is that in
all cases, the microtubule system is used for asymmetric
Copyright © 1999 by Academic Press. All rightocation of the nucleus or mitotic apparatus. Ascidian
mbryos are a useful and novel experimental system for
nalyzing the mechanisms of orientation and positioning of
he cell division plane.
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